Introduction {#sec1}
============

The photochemical and photophysical nature of the rhenium(I) tricarbonyl diimine bidentate complexes has been extensively studied and reviewed.^[@ref1]−[@ref5]^ The emission process is primarily associated with relaxation from a triplet metal-to-ligand-charge-transfer (^3^MLCT) excited state, although multistate luminescence has also been reported.^[@ref3],[@ref6]^ The excited-state lifetimes, luminescence energies, and quantum yields can be modulated to a considerable extent by varying the structure of the bidentate diimine and monodentate ancillary ligands. It is evident that Re(I) tricarbonyl complexes with a pyridine ancillary ligand containing the diimine ligand 1,10-phenanthroline have longer emission lifetimes and higher emission quantum yields than those of the respective 2,2′-bipyridine analogues due to the more extensive π system of the former.^[@ref7]^ The tunable excited-state properties make Re(I) tricarbonyl diimine complexes attractive to researchers in areas of catalytic reduction of CO~2~ to CO,^[@ref8]−[@ref13]^ fluorophores for biological applications,^[@ref14],[@ref15]^ light-emitting diodes,^[@ref16],[@ref17]^ and photoelectrochemical cells for the conversion of solar energy to electricty.^[@ref17],[@ref18]^ The effectiveness of photovoltaic energy conversion is dependent on the large spatial separation of the chromophores that is necessary to decrease recombination and the accessibility of the transport state, expressed as the energy of the transport orbital.^[@ref19]−[@ref21]^ Applications in bulk heterojunction solar cells and optical light-emitting devices have become particularly attractive recently due to the efficiency of light-harvesting from the emitting triplet state of the Re(I) tricarbonyl moiety.^[@ref16],[@ref22]^

Rhenium(I) tricarbonyl diimine dimers containing symmetrical bridging ligands, such as 4,4′-bipyridine and 1,2-bis(4-pyridyl)-ethylene, also exhibit emission from the ^3^MLCT state.^[@ref23],[@ref24]^ The lifetime and quantum yield of the 4,4′-bipyridine-bridged dimer are approximately half as large as those of the respective monomer \[Re(CO)~3~(4,4′-bipyridine)(ph~2~phen)\]^+^ where ph~2~phen is 4,7-diphenyl-1,10-phenanthroline.^[@ref23]^ A multidentate bridging ligand coordinated to two Re(CO)~3~Cl moieties yields a redox-active catalytic dimer synthesized by Siewert and co-workers.^[@ref25]^ A series of rhenium(I) tricarbonyl dimers containing chromophoric diazine and ancillary anionic bridging ligands have been reported to exhibit a broad luminescence modulation range.^[@ref26],[@ref27]^ A trinuclear Re(CO)~3~ diimine complex containing a multidentate pyridyl-triazine ligand that provides equivalent Re(I) centers has also been reported to emit from a ^3^MLCT state.^[@ref28]^

Density functional theory (DFT) is a powerful and effective tool for the investigation and interpretation of the geometry and electronic structure of rhenium(I) complexes^[@ref26],[@ref29],[@ref30]^ and polyrhenium clusters.^[@ref31]^ Frontier molecular orbital energies and energy gaps between the highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) computed using DFT exhibit impressive correlations with experimental absorption spectra and redox potentials from cyclic voltammetry.^[@ref32]−[@ref34]^ Analysis of the molecular orbital spatial distributions facilitates the assignment of absorption and emission spectra and interpretation of charge transfer processes.^[@ref26],[@ref32]^ The time-dependent density functional theory (TD-DFT) yields excited states for vertical electronic transitions that correlate well with absorption spectra. Both DFT and TD-DFT applied in tandem with the polarizable continuum model (PCM) or the conductor-like polarizable continuum model (CPCM) of solvation account properly for solvation effects.^[@ref32],[@ref35]−[@ref38]^

Here, we report the synthesis and spectroscopic characterization as well as the crystal, molecular, and electronic structures of the Re(I) dimer complex, {\[Re(phen)(CO)~3~\]~2~(isonic)}(CF~3~SO~3~), **1**, where phen = 1,10-phenanthroline and isonic = isonicotinic (or *para*-nicotinic) acid. The distinct coordination environments of the dimer Re(I) centers are investigated with respect to the model monomeric complexes Re(phen)(CO)~3~(4-COOCH~3~-py)\](CF~3~SO~3~), **2**, and Re(phen)-(CO)~3~(OAc), **3**, where py = pyridine and OAc = acetate.

Results {#sec2}
=======

Synthesis {#sec2.1}
---------

The starting material of the Re(CO)~3~(phen)Cl complex was synthesized by treating stoichiometric amounts of Re(CO)~5~Cl with a 1,10-phenanthroline ligand in ethanol at reflux conditions. Further, treatment of Re(CO)~3~(phen)Cl with AgCF~3~SO~3~ followed by addition of isonicotinic acid yielded the bridged complex **1**. Model monomers **2** and **3** were synthesized by a similar procedure for **1** by changing isonicotinic acid to methyl isonicotinate and acetate ion, respectively. The identities of the bidentate ligands and Re(I) complexes were confirmed by ^1^H NMR spectroscopy, elemental analysis, and X-ray structure determinations indicating that the ligands and complexes were pure and could be studied for their photophysical properties. The series of Re(I) complexes were also characterized by infrared spectroscopy, which shows two stretches present in the carbonyl region (1900 to 2100 cm^--1^). ORTEP diagrams with thermal ellipsoids drawn at the 50% probability level for the three complexes are shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}. The synthesis procedure and X-ray structure information of complexes **1**--**3** are presented in the Supporting Information, [Sections S1 and S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf), respectively.

![ORTEP diagrams at 50% probability for (**1**) \[*fac*(CO)~3~(phen)Re-N(py)COORe(phen)*fac*(CO)~3~\]^+^,^[@ref39]^ (**2**) \[*fac*(CO)~3~(phen)Re-N(pyCOOCH~3~\]^+^,^[@ref40]^ and (**3**) *fac*(CO)~3~(phen)Re-OOCCH~3~.^[@ref41]^ \[Permission granted by the Cambridge Crystallographic Data Center.\]](ao0c00704_0001){#fig1}

Experimental UV--Visible Absorption and Emission Spectra {#sec2.2}
--------------------------------------------------------

The electronic absorption spectra of Re(I) complexes **1**--**3** were determined in acetonitrile at room temperature, and the energy maxima are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}. They all show two to three major transitions in acetonitrile. The low-energy transitions located at the 360 to 380 nm region are assigned as metal-to-ligand charge transfer (MLCT) and the more intense, higher-energy transitions located at energies of \<300 nm to intraligand π → π\* transition.^[@ref42]^ These assignments based on spectroscopic determinations are in agreement with the TD-DFT-based assignments presented below. Absorption coefficients for the complexes range from 3800 to 4400 M^--1^ cm^--1^ for the MLCT maxima and from 4866 to 6511 M^--1^ cm^--1^ in the π to π\* region. [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a shows the spectral comparison of complexes **1**, **2**, and **3**. The spectra for **1** and **2** are nearly identical in the MLCT region, but complex **2** showed a strong π → π\* intensity peak at 270 nm compared to a less intense absorbance for complex **1**. Among the three complexes, the low energy absorption maxima in electronvolts follow the spectrochemical series **1** \> **2** \> **3**.

![Experimental (a) absorption and (b) emission spectra of −\[*fac*(CO)~3~(phen)Re-N(py)COORe(phen)fac(CO)~3~\]^+^**(1)**, −\[*fac*(CO)~3~(phen)Re-N(pyCOOCH~3~\]^+^**(2)**, and −*fac*(CO)~3~(phen)Re-OOCCH~3~**(3)** in acetonitrile solvent at room temperature for absorption and at 77 K for emission.](ao0c00704_0002){#fig2}

###### Experimental Electronic Absorption and Emission Energies (in eV and Those in Parentheses in nm), Molar Absorptivity Coefficients (in M^--1^ cm^--1^), Excited-State Lifetimes (in ns), and Quantum Yields of \[*fac*(CO)~3~(Phen)Re-N(py)COORe(phen)*fac*(CO)~3~\]^+^ (**1**), \[*fac*(CO)~3~(Phen)Re-N(pyCOOCH~3~\]^+^ (**2**), and *fac*(CO)~3~(Phen)Re-OOCCH~3~ (**3**) in Acetonitrile Solvent at Room Temperature for Absorption and at 77 K for Emission (MLCT = Metal-to-Ligand Charge Transfer)

  complex                                      λ~abs~                                       ε              type   λ~em~[a](#t1fn1){ref-type="table-fn"}   τ[a](#t1fn1){ref-type="table-fn"}   φ*~x~*   type
  -------------------------------------------- -------------------------------------------- -------------- ------ --------------------------------------- ----------------------------------- -------- ---------
  **1**                                        3.40 (364)[b](#t1fn2){ref-type="table-fn"}   3.84 × 10^3^   MLCT   2.15 (575)                              141                                 0.04     ^3^MLCT
  3.78 (328)[b](#t1fn2){ref-type="table-fn"}   5.92 × 10^3^                                 MLCT                                                                                                       
  4.55 (272)                                   7.02 × 10^3^                                 π--π\*                                                                                                     
  **2**                                        3.36 (368)[b](#t1fn2){ref-type="table-fn"}   4.45 × 10^3^   MLCT   2.13 (580)                              450                                 0.12     ^3^MLCT
  3.82 (324)[b](#t1fn2){ref-type="table-fn"}   9.85 × 10^3^                                 MLCT                                                                                                       
  4.33 (286)                                   1.12 × 10^4^                                 π--π\*                                                                                                     
  **3**                                        3.26 (380)                                   3.86 × 10^3^   MLCT   1.91 (650)                              86                                  0.11     ^3^MLCT
  3.80 (326)[b](#t1fn2){ref-type="table-fn"}   3.56 × 10^3^                                 MLCT                                                                                                       
  4.33 (286)                                   6.43 × 10^3.^                                π--π\*                                                                                                     

λ~ex~ at MLCT maxima.

Shoulder with energy that cannot be fully resolved.

The emission maxima for the three complexes are listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} along with the respective emission quantum yields and emission lifetimes. The emission quantum yields were obtained in acetonitrile at room temperature conditions. The standard reference used for this experiment was ruthenium(II) tris-bipyridine hexafluorophosphate,^[@ref43]^ Ru(bpy)~3~(PF~6~)~2~. All data were calculated using [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"} where φ*~x~* is the experimental emission quantum yield of the sample, *A*~std~ and *A~x~* are absorbance of the standard and the sample, and *I*~std~ and *I~x~* are the emission intensities of the standard and the sample, respectively, while φ~std~ is the reported emission quantum yield of the standard (φ~\[Ru(bpy)2\]~^2+^ = 0.042) in acetonitrile.

[Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b shows the normalized emission spectra of complexes **1**, **2**, and **3**. The Re(I) dimer and derivatives of the pyridine-coordinated Re(I)-phen complexes show similar emission maxima near 575 nm, but the OAc-coordinated Re(I)-phen complex (*fac*(CO)~3~(phen)Re-OOCCH~3~) exhibits a red shift to 650 nm.

The emission quantum yields of complexes **1**, **2**, and **3** range from 4 to 12% ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}). The excited-state emission lifetimes of the complexes decrease in the sequence 442 \> 141 \> 86 ns for **2** \> **1** \> **3**, respectively, following the same trend as that of the emission quantum yield.

### Geometry Optimization {#sec2.2.1}

Selected bond distances and angles determined using XRD for single crystals are compared to optimized structures using the B3PBE/TZVP-QZV-P/CPCM method in the SGS and LLTS in [Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}. The Re--N bond lengths optimized using the B3PBE functional are longer than the experimentally determined values by 0.02--0.03 Å, which is an improvement compared to nearly 0.05 Å using the B3LYP functional.^[@ref32],[@ref42]^ The calculated SGS and experimental geometry parameters are considered to be in good agreement, as noted previously for the B3PBE density functional,^[@ref42]^ supporting the appropriateness of the theoretical approach for further electronic state calculations. The LLTS geometries differ from those of SGS mainly in the Re2-phen moiety of the dimer and Re-phen of the monomers due to increased spin density distribution, as discussed below. The Re--Re distance is shorter by 0.03 Å in the LLTS than in the SGS. The Re--N and Re--C(CO) bond lengths of the complexes optimized using the CAM-B3LYP functional are longer than the respective B3PBE values by 0.01 Å ([Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf), Tables S3-S6 and Figures S2 and S3).

###### Selected Bond Lengths (Å), Bond Angles (°), and Torsion Angles (°) of Complexes **1**--**3**[a](#t2fn1){ref-type="table-fn"}

  complex                           geometry                 XRD            B3PBE (SGS)   B3PBE (LLTS)
  --------------------------------- ------------------------ -------------- ------------- --------------
  **1**                                                      bond lengths                  
  Re1-O(OOC)                        2.160(8)                 2.15           2.15          
  Re1-N(phen)                       2.160(11), 2.173(10)     2.20           2.20          
  Re1-C(CO~Ax~)                     1.946(17)                1.91           1.91          
  Re1-C(CO~Pl~)                     1.919(15)                1.92           1.92          
  Re2-N(py)                         2.219(8)                 2.24           2.21          
  Re2-C2(CO~Ax~)                    1.950(12)                1.92           1.97          
  Re2-C1(CO~Pl~)                    1.936(14), 1.926(14)     1.92           1.94, 2.00    
  Re2-N(phen)                       2.180(10), 2.181(10)     2.20           2.06, 2.18    
  Re1-Re2 distance                  9.26                     9.33           9.30          
                                    angles                                                
  N-Re1-N(phen)                     76.3(4)                  75.1           75.1          
  C(CO~Ax~)-Re1-O(OOC)              179.4(6)                 174.2          174.2         
  N-Re2-N(phen)                     75.5(4)                  75.1           77.2          
  C(CO~Ax~)-Re2-N(py)               176.3(5)                 178.3          177.4         
  N(phen)-Re1-O(OOC)                79.2(3), 83.0(4)         80.0, 83.2     80.0, 83.2    
  N(phen)-R2-N(py)                  82.3(4), 86.1(3)         85.2, 85.3     84.8, 89.7    
                                    torsion angles                                        
  Re1-N(phen)-C(CO~Pl~)-C(CO~Pl~)   179.4(11), 178.5(10)     178.1          178.7         
  Re2-N(phen)-C(CO~Pl~)-C(CO~Pl~)   177.2(11), 177.6(9)      178.3          179.5         
  **2**                                                      bond lengths                  
  Re-N(py)                          2.2207(19)               2.24           2.22          
  Re-N(phen)                        2.1809(19), 2.1769(19)   2.20           2.06, 2.18    
  Re-C(CO~Ax~)                      1.913(2)                 1.92           1.96          
  Re-C(CO~Pl~)                      1.920(3), 1.935(3)       1.92           1.94, 2.00    
                                    angles                                                
  N-Re-N(phen)                      76.08(7)                 75.2           77.2          
  C(CO~Ax~)-Re-N(py)                177.22(8)                178.4          177.9         
                                    torsion angle                                         
  Re-N(phen)-C(CO~Pl~)-C(CO~Pl~)    178.00                   178.9          178.0         
  **3**                                                      bond lengths                  
  Re-O(OOC)                         2.1342(17)               2.13           2.03          
  Re-N(phen)                        2.175(2), 2.1685(19)     2.20           2.10, 2.17    
  Re-C(CO~Ax~)                      1.908(3)                 1.91           1.98          
  Re-C(CO~Pl~)                      1.924(3), 1.912(3)       1.92           1.94, 1.99    
                                    angles                                                
  N-Re-N(phen)                      75.60(7)                 75.0           77.3          
  C(CO~Ax~)-Re-O(OOC)               176.51(16)               173.3          171.9         
                                    torsion                                               
  Re-N(phen)-C(CO~Pl~)-C(CO~Pl~)    177.9                    177.4          177.9         

In complex **1**, the Re atom coordinated to O(OOC) is labeled as Re1 and the Re atom coordinated to N(py) is labeled as Re2. (SGS = singlet ground state; LLTS = lowest-lying triplet state; phen = 1,10-phenanthroline; py = pyridine; CO~Ax~ = CO perpendicular to phen; CO~Pl~ = CO co-planar with phen.)

Singlet Excited Electronic States {#sec2.3}
---------------------------------

The Franck--Condon singlet excited states (SES) of the complexes were calculated relative to the fully optimized SGS using the B3PBE/TD-DFT/CPCM method in acetonitrile solvent. Selected SES*'s* with *an* oscillator strength higher than 0.045 at energies close to the spectroscopic peaks ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) along with assignments of the major contributing electronic transitions are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. All SES's with oscillator strength*s* higher than 0.045 are listed in the Supporting Information*,*[Table S2](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf). The excited*-*state types are assigned based on the molecular orbital spatial distributions presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} for HOMO--5 to LUMO+5 and in the Supporting Information*,*[Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf). The normalized percent contributions of the major electronic transitions contributing to the SES are given in parentheses next to the main transition contributing to the respective excited state. The lower-energy excited states are mainly associated with charge transfer transitions involving, to a variable extent, ligands and the Re centers and assigned as metal-and-ligand-to-ligand charge transfer (MLLCT). Higher-energy states have mainly a ligand character, and those with large oscillator strength*s* exhibit an extensive π--π\* character localized on the CO and phenanthroline moiety with the latter being the largest chromophore. The excited states of complex **1** containing two Re centers and the bridging chromophore isonicotinate have substantial contributions from low-lying occupied and high-lying virtual molecular orbitals.

![Energies of the frontier molecular orbitals of complexes **1**, **2**, and **3** in black, blue and magenta, respectively, in acetonitrile solvent. The molecular orbital spatial distributions are plotted with the isovalue of 0.03 au. Red and green isosurface colors denote + and -- nodes, respectively. The lowest energy transition type and HOMO--LUMO energy gap (in eV) are given next to the arrows pointing the HOMO to LUMO excitation. The arrows ↑↓ denote the HOMO occupied by two spin-paired electrons. Magenta and blue dashed lines highlight the similarity of the spatial distributions of the dimer HOMO and LUMO with those of complexes **3** and **2**, respectively. (MLLCT = metal-and-ligand-to-ligand charge transfer.)](ao0c00704_0003){#fig3}

###### Selected Singlet Excited States (SES) (in eV and in Parentheses in Nm) with Oscillator Strength (f) Higher than 0.045 of Complexes **1--3** in Acetonitrile^a^

  complex                                        SES                *f*                                            type                                           transition, ψ~o~ → ψ~v~
  ---------------------------------------------- ------------------ ---------------------------------------------- ---------------------------------------------- -------------------------
  **1**                                          3.24 (383)         0.049                                          MLLCT~Re2-CO→phen(Re2)~, π--π\*~CO,phen(R2)~   H--3 → L (58%)
  MMLCT~Re1-OOC→Re2-py~                          H--1 → L (26%)                                                                                                   
  3.55 (349)                                     0.057              MLLCT~Re1-OOC→NA~                              H--1 → L+4 (82%)                               
  3.84 (323)                                     0.121              MLLCT~CO-Re2-py→NA,~ π--π\*~NA~                H--3 → L+4 (91%)                               
  4.53 (274)                                     0.083              MLLCT~CO-Re2 → phen(Re2)~, π--π\*~phen(Re2)~   H--4 → L+5 (49%)                               
  π--π\*~phen~, d-d~Re2~                         H--10 → L (17%)                                                                                                  
  4.61 (269)                                     0.153              π--π\*~CO(Re2),~ d--d~Re2~                     H--4 → L+9 (23%)                               
  π--π\*~phen(Re2)~, LLCT~phen(Re2) → CO(Re2)~   H--10 → L (23%)                                                                                                  
  **2**                                          3.49 (355)         0.110                                          MLLCT~CO-Re-phen→NA~                           H → L+1 (90%)
  3.67 (338)                                     0.053              LLCT~phen → NA~                                H--3 → L+1 (90%)                               
  4.53 (273)                                     0.131              LLCT~CO → phen~, d--d                          H--1 → L+2 (30%)                               
  LLCT~phen → NA~                                H--4 → L+1 (28%)                                                                                                 
  π--π\*~phen~                                   H--4 → L (18%)                                                                                                   
  **3**                                          3.11 (399)         0.069                                          MLLCT~CO-Re-OOC→phen~                          H → L+1 (70%)
  4.43 (280)                                     0.048              MLLCT~CO-Re-OOC→phen~                          H--1 → L+2 (92%)                               
  4.52 (274)                                     0.134              MLLCT~CO-Re→phen~                              H--6 → L (51%)                                 
  π--π\*~phen~                                   H--5 → L (32%)                                                                                                   

The transition types are assigned based on the occupied and the virtual molecular orbitals ψ~o~ and ψ~v~ (shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf), respectively), defining the transition with normalized percent contributions listed in parentheses. Subscripts denote the main contributing moiety. (MMLCT = metal-to-metal-and-ligand charge transfer; MLLCT = metal-and-ligand-to-ligand charge transfer; LLCT = ligand-to-ligand charge transfer; and LMCT = ligand-to-metal charge transfer.)

The atomic charges of the Re atoms and ligands calculated using the Mulliken population analysis method^[@ref44]^ are listed in [Table [4](#tbl4){ref-type="other"}](#tbl4){ref-type="other"} for complexes **1**--**3** in the SGS and LLTS optimized in acetonitrile solvent. In complexes **1**--**3**, the bridging isonicotinate and acetate ligands are negatively charged (electron-rich) and the isonicotinate methyl ester is positively charged. Also, the Re atom coordinated to pyridine has nearly zero charge*,* and the Re atom coordinated to carboxylate is positively charged. In the dimer, the SGS to LLTS transition causes electron density transfer from the Re2 tricarbonyl moiety to the phenanthroline ligand at Re2, as evidenced from the Re2(CO)~3~ charge becoming more positive and the phenanthroline charge becoming less positive. In complexes **1** and **2**, the SGS to LLTS transitions involve mainly electron transfer from the Re(CO)~3~ moiety to the phenanthroline ligand.

###### Mulliken Charges of Re and Ligands of Complexes **1**--**3** in the Singlet Ground State (SGS) and Lowest-Lying Triplet State (LLTS) Optimized in Acetonitrile Solvent

  complex   state                                                                        *Q* (Re)                                                                     *Q* (L)                                                                      *Q* (phen)                                                                     *Q* (CO)
  --------- ---------------------------------------------------------------------------- ---------------------------------------------------------------------------- ---------------------------------------------------------------------------- ------------------------------------------------------------------------------ ------------------------------------------------------------------------------
  **1**     SGS                                                                          0.12[a](#t4fn1){ref-type="table-fn"}, 0.00[b](#t4fn2){ref-type="table-fn"}   --0.38                                                                       0.57[a](#t4fn1){ref-type="table-fn"}, 0.62[b](#t4fn2){ref-type="table-fn"}     --0.02[a](#t4fn1){ref-type="table-fn"}, 0.09[b](#t4fn2){ref-type="table-fn"}
  LLTS      0.11[a](#t4fn1){ref-type="table-fn"}, 0.24[b](#t4fn2){ref-type="table-fn"}   --0.34                                                                       0.57[a](#t4fn1){ref-type="table-fn"}, 0.17[b](#t4fn2){ref-type="table-fn"}   --0.02[a](#t4fn1){ref-type="table-fn"}, 0.26[b](#t4fn2){ref-type="table-fn"}   
  **2**     SGS                                                                          --0.01                                                                       0.28                                                                         0.62                                                                           0.11
  LLTS      0.22                                                                         0.32                                                                         0.19                                                                         0.27                                                                           
  **3**     SGS                                                                          0.11                                                                         --0.62                                                                       0.55                                                                           --0.04
  LLTS      0.38                                                                         --0.46                                                                       --0.12                                                                       0.20                                                                           

Re1 coordinated to O(OOC).

Re2 coordinated to N(py).

The electronic character of the LLTS is assigned based on the spatial distributions of the spin density^[@ref45]^ presented in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. According to Kasha's rule*,*^[@ref46]^ the LTTS would be the emitting state. Electron spin densities in these lowest-energy emitting states of complexes **1**--**3** are localized mainly on the Re-phen moieties, leading to the ^3^MLCT assignment. The dimer LLTS is mainly localized on Re2(CO)~3~phen with a minor localization at the Re1 moiety. These spatial distributions are also expressed as integrated spin densities and listed along with the LLTS energies in [Table [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"}. The LLTS's of complexes **1** and **2** are close in energy and spatial distribution. The LLTS of complex **3** has substantially lower energy and spin density at the phenanthroline ligand than the rest. The two lowest-lying triplet excited states T~1~(**1**) and T~2~(**1**) of the dimer and the lowest-lying triplet excited states T~1~(**2**) and T~1~(**3**) of complexes **2** and **3** calculated using TD-DFT at the SGS geometry are listed in [Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}. These Franck--Condon triplet excited states are multiplicity-forbidden and have oscillator strengths of zero.

![Electron spin density distributions around the complexes plotted at the isovalue of 0.003 e Å^--3^ for the LLTS of isolated complexes **1**--**3** in acetonitrile solvent. The α and β spin densities are shown as yellow and green color meshes, respectively.](ao0c00704_0004){#fig4}

###### Energy (in eV and That in Parentheses in nm), Assignment, and Spin Density (ρ~s~, in \|e\|) of the Lowest-Lying Triplet States (LLTS's) of Isolated Complexes **1**--**3** in Acetonitrile Solvent[a](#t5fn1){ref-type="table-fn"}

  complex   LLTS         type               ρ~s~ (Re)                                                                    ρ~s~ (L)   ρ~s~ (phen)                                                                  ρ~s~ (CO)
  --------- ------------ ------------------ ---------------------------------------------------------------------------- ---------- ---------------------------------------------------------------------------- ----------------------------------------------------------------------------
  **1**     2.63 (472)   ^3^MLCT~Re2phen~   0.01[b](#t5fn2){ref-type="table-fn"}, 0.60[c](#t5fn3){ref-type="table-fn"}   0.02       0.00[b](#t5fn2){ref-type="table-fn"}, 1.27[c](#t5fn3){ref-type="table-fn"}   0.00[b](#t5fn2){ref-type="table-fn"}, 0.10[c](#t5fn3){ref-type="table-fn"}
  **2**     2.65 (469)   ^3^MLCT~Rephen~    0.58                                                                         0.02       1.30                                                                         0.10
  **3**     2.30 (538)   ^3^MLCT~Rephen~    0.71                                                                         0.11       1.04                                                                         0.14

The LLTS type is assigned based on the distribution of the two unpaired electrons among the Re atom and the 1,10-phenanthroline (phen), CO, and the ligand L denoting nicotinic acid and its model compounds. The spatial spin density distributions are presented graphically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}.

Re1 coordinated to O(OOC).

Re2 coordinated to N(py).

###### Franck--Condon Triplet Excited States (T~N~) (in eV and Those in Parentheses in nm) with Oscillator Strengths (*f*) of Isolated Complexes **1**--**3** in Acetonitrile Solvent Calculated at the SGS Geometry[a](#t6fn1){ref-type="table-fn"}

  state                                              TES                *f*     type                           transition, ψ~o~ → ψ~v~
  -------------------------------------------------- ------------------ ------- ------------------------------ -------------------------
  T~1~(**1**)                                        2.64 (470)         0.000   MLLCT~Re1-OOC→phen(Re1)~       H → L+1 (49%)
  MLLCT~phen-OOC-Re1→phen(Re1),~ π--π\*~phen(Re1)~   H--6 → L+3 (18%)                                          
  MLLCT~Re1-OOC→phen(Re1)-py-CO(Re2)~                H--1 → L+3 (11%)                                          
  T~2~(**1**)                                        2.71 (457)         0.000   MLCT~Re2→phen~, π--π\*~phen~   H--8 → L+2 (32%)
  MMLCT~CO-Re2→phen(Re2)~                            H--4 → L (31%)                                            
  MLLCT~CO-Re2-NA→phen(Re2)~                         H--3 → L+2 (22%)                                          
  T~1~(**2**)                                        2.72 (456)         0.000   MLCT~Re→phen~, π--π\*~phen~    H--3 → L+2 (32%)
  MLLCT~CO-Re→phen~                                  H--1 → L (30%)                                            
  MLLCT~CO-Re→phen~                                  H → L+2 (23%)                                             
  T~1~(**3**)                                        2.57 (483)         0.000   MLLCT~CO-Re-OOC→phen~          H → L (74%)

The transition types are assigned based on the occupied and virtual molecular orbitals ψ~o~ and ψ~v~, respectively, defining the transition with normalized percent contributions listed in parentheses. The diagrams of the occupied and virtual molecular orbitals are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and in the Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf). Subscripts denote the main contributing moiety. (MMLCT = metal-to-metal-and-ligand charge transfer; MLLCT = metal-and-ligand-to-ligand charge transfer.)

The CAM-B3LYP results overestimate the SES energies by approximately 0.5 eV relative to both B3PBE SES's and absorption spectra. The LLTS energies calculated using CAM-B3LYP are higher than the respective B3PBE LLTS and experimental emission energies by 0.02--0.04 and 0.4--0.5 eV, respectively. The spatial distributions of the molecular orbitals computed using the B3PBE and CAM-B3LYP functionals are similar. The CAM-B3LYP results are presented in the Supporting Information, [Tables S3--S6](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf) and [Figures S2 and S3](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf).

Discussion {#sec3}
==========

The isonicotinate-bridged rhenium(I) tricarbonyl complex, \[*fac*(CO)~3~(phen)Re2-N(4-COOCH~3~-py)COORe1(phen)*fac*(CO)~3~\]^+^, has been linked together by way of a pyridine linkage to one rhenium center and an acetate linkage to the other one. In addition, the monomers \[*fac*(CO)~3~(phen)Re-N(4-COOCH~3~-py)\]^+^ and \[Re(phen)(CO)~3~(OAc)\] are individually coordinated with Re by the N atom of pyridine and the O atom of acetyl monomeric ligands. The dimer complex **1** consists of two components represented by complexes **2** and **3** but exhibits emission properties similar to those of complex **2**. The monomers **2** and **3** emit energy in acetonitrile at 580 and 650 nm, respectively. Rather than emitting at the lower energy exhibited by the acetate-bonded monomer **3**, the dimer emits at the higher energy of 575 nm exhibited by the pyridine-bonded monomer **2**. To determine the reason for this unexpected and unusual behavior, computational studies were employed.

In [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}, the HOMO and LUMO of the dimer are localized on the Re1(CO~Ax~)(phen)(COO) and Re2(CO~Eq~)(phen)N(py) moieties, respectively, indicating that the HOMO to LUMO transition would be a charge transfer over a distance of approximately 9.3 Å. Visual comparison of the HOMOs and LUMOs of complexes **1**--**3** highlights that the HOMOs of complexes **1** and **3** and the LUMOs of complexes **1** and **2** are localized on analogous moieties and close in energy. These similarities are highlighted with dashed magenta and blue lines for the HOMOs and the LUMOs, respectively. The dimer HOMO--LUMO energy gap is very close to that of complex **3**, highlighting the contribution of the carboxylate moiety to both the HOMO and lowest-energy electronic transition. The HOMO and HOMO--1 orbitals of complexes **1**--**3** are localized on the Re-CO moiety and close in energy. Among the lower-lying HOMOs, we point out the HOMO--3 of the dimer and HOMO--5 of complex **2** that are localized on the nicotinate ligand and HOMO--3 of complex **3** localized on the acetate moiety. The dimer LUMO to LUMO+5 exhibit alternating localization at the Re1-phen and Re2-phen moieties with the notable exception of LUMO+4 that is localized on the bridging isonicotinate ligand and would facilitate the Re--Re charge transfer. In terms of its localization, the dimer LUMO+4 is similar to the LUMO+1, LUMO+4, and LUMO+5 of complex **2**. The LUMO+2 and LUMO+3 of complex **2** are localized on the Re-phen moiety. In complex **3**, the LUMO to LUMO+2 and LUMO+4 are mainly localized on the phenanthroline ligand with a partial Re character, and the LUMO+3 and LUMO+5 are localized on the Re-tricarbonyl moiety.

Absorption {#sec3.1}
----------

The energy and oscillator strength of the calculated SES are presented in an overlay with the experimental absorption spectra in acetonitrile solvent in [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}. This correlation is also evident from comparison of the absorption spectra peak energies listed in [Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"} and the SES listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"}. The oscillator strength, indicated by the height of the drop line, is proportional to the molar absorption coefficient.^[@ref47]^ The SES's are listed in [Table [3](#tbl3){ref-type="other"}](#tbl3){ref-type="other"} and assigned based on the molecular orbital distributions presented in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} and the Supporting Information, [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf).

![Experimental absorption spectra overlaid with singlet excited states (SES) of complexes **1**--**3** in acetonitrile solvent at room temperature. The SES oscillator strength is denoted as *f* on the right-hand-side axes labels.](ao0c00704_0005){#fig5}

For the dimer, it is important to note that the Re--Re charge transfer SES's have particularly low oscillator strengths. Only the SES at 3.24 eV with a contribution from a Re--Re transition (HOMO-1 to LUMO) has notable oscillator strength. The MLLCT SES at 3.84 eV that has the highest oscillator strength among the charge transfer SES with a metal character (HOMO--3 to LUMO+4) involves transition to LUMO+4 localized on the bridging ligand. Although with lower oscillator strength, the dimer SES at 3.55 eV also involves transition to LUMO+4. Rhenium-nicotinate SES's are also dominant in complex **2** at 3.49 eV (HOMO to LUMO+1) and 3.60 eV (HOMO--1 to LUMO+1). In complex **2**, the lowest-energy SES at 3.26 eV is based on the HOMO to LUMO transition. In complex **3**, the low-energy MLLCT SES's are based on transitions involving the acetate moiety, and the high-energy states have a π--π\* character in the CO and 1,10-phenanthroline moieties. The lowest-energy SES's of the dimer are close to those of complex **3** and lower than those of complex **2** in correlation with the energy gaps highlighted in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}.

Emission {#sec3.2}
--------

The energies of the Franck--Condon triplet excited states calculated at the SGS geometry as well as the SGS's and LLTS's of complexes **1**--**3** are presented in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} along with the major contributing electronic transitions ([Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}). The Franck--Condon triplet excited states T~1~(**1**) and T~2~(**1**) of the dimer are aligned with T~1~(**3**) and T~1~(**2**), respectively, in terms of both energy and the localization of the molecular orbitals contributing to the electronic transitions. The T~1~(**1**) state at 2.64 eV arises predominantly from electronic transition localized mainly on the Re1-acetate moiety that is represented by complex **3** with a T~1~(**3**) energy of 2.57 eV. The T~2~(**1**) state at 2.71 eV arises from two major transitions ([Table [6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}) localized mainly on the Re2-nicotinate moiety that is represented by complex **2** with a T~1~(**2**) energy of 2.72 eV.

![Calculated singlet ground state (SGS), vertical triplet excited state (T~N~), and lowest-lying triplet state (LLTS) energies of complexes **1**--**3** in acetonitrile solvent (left). Spatial distributions of the molecular orbitals contributing to the T~N~ transitions plotted at the isovalue of 0.03 au (right). Red and green isosurface colors denote + and -- nodes, respectively (*E*~Em~ = experimental emission energy).](ao0c00704_0006){#fig6}

Upon geometry optimization, the dimer LLTS converges on the Re2-nicotinate-localized state ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}) that is close in both energy and character to the LLTS of complex **2**. The LLTS of complexes **1** and **2** undergo comparable energy stabilization of 0.7--0.8 eV relative to the respective T~2~(**1**) and T~1~(**2**) states, as highlighted with dotted lines in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} and listed in [Tables [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} and [[6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}. The dimer T~1~(**1**) state at 2.64 eV that is localized on the Re1-acetate moiety represented by complex **3** is unstable, and it is neither the LLTS nor an emitting state. Complex **3** undergoes a more substantial stabilization (highlighted with a dotted line) of 0.26 eV upon LLTS geometry optimization relative to the T~1~(**3**) state ([Tables [5](#tbl5){ref-type="other"}](#tbl5){ref-type="other"} and [[6](#tbl6){ref-type="other"}](#tbl6){ref-type="other"}). The experimental emission energies ([Table [1](#tbl1){ref-type="other"}](#tbl1){ref-type="other"}) are shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"} to highlight that these are consistently lower than those of the LLTS by 0.40--0.45 eV.

In the emitting LLTS of the dimer, the Re1--Re2 distance is shortened to 9.30 Å ([Table [2](#tbl2){ref-type="other"}](#tbl2){ref-type="other"}) and the electron spin density is localized on the Re2-(phen) moiety ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}). The unusual emission behavior of the dimer arises from the presence of two Re(I) coordination sites that support long-distance charge transfer and charge separation as well as the presence of the bridging isonicotinate ligand. The geometry optimization results clearly show that the LLTS energies of the dimer and complex **2** are not only closely aligned and but also higher than those of the LLTS of complex **3**. The emitting state of the dimer is stabilized effectively by the bridging or transport orbitals HOMO--8 and HOMO--3 ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}) that are partially localized on the nicotinate moiety between the Re1 and Re2 centers. Understanding the unusual emission behavior of this dimer would be useful for the design of improved photosensitive dyes as part of thin-film photoelectrochemical solar cells.

Conclusions {#sec4}
===========

In conclusion, we have described the synthesis of a rhenium(I) dimer and its model monomers in which the dimer, \[*fac*(CO)~3~(phen)Re-N(py)COORe(phen)*fac*(CO)~3~\]^+^, consists of two components, \[*fac*(CO)~3~(phen)Re-N(py)\]^+^ and \[CH~3~COORe(phen)*fac*(CO)~3~\], but exhibits absorption and emission properties different from those of the model monomers. The pyridine- and acetate-containing monomers emit at 580 and 650 nm, respectively, in acetonitrile. Rather than emitting at a lower energy exhibited by the acetate-bonded monomer, the dimer emits at a higher energy (570 nm) exhibited by the nitrogen-bonded component. Computational studies employed to determine the reason for this unexpected and unusual behavior indicate that the emitting state of the dimer complex **1** is stabilized as the LLTS at an energy close to that of complex **2** due to its long-distance charge transfer character. The excited state of the dimer that is localized on the Re1-acetate moiety represented by the model complex **3** is unstable and not emitting. The large distance between the Re-chromophores, the participation of molecular orbitals localized on the bridging ligand, and the high contribution of long-range charge transfer transitions provide spatioenergetic separation of the two chromophores in the dimer and the respective SGS and LLTS.

The computational studies also yield optimized geometries and SES's in agreement with the crystal structure determinations and absorption spectra, respectively. In addition, the molecular orbitals, spin densities, and charges corroborate to providing a detailed interpretation of the absorption and emission properties of the dimer complex **1** with respect to the model complexes **2** and **3**. The correlated computational and experimental results provide insights into the unusual emission behavior of the dimer and mechanism of stabilization of the emitting state at high energy. These insights are valuable for improving the design of photosensitive dyes, which are important components of photoelectrochemical solar cells. The complex emission behavior of the dimer would be attractive for a complete active space self-consistent field (CASSCF) study that would account for spin--orbit coupling.

Experimental Section {#sec5}
====================

Materials {#sec5.1}
---------

Rhenium(I) pentacarbonyl chloride, silver trifluoromethanesulfonate, and IR-grade potassium bromide were purchased from Aldrich. Diethyl ether, HPLC-grade methanol, and optima-grade acetonitrile were purchased from Fisher Scientific. Absolute ethanol was obtained from AAPER. The solvents, methanol, hexanes, and acetonitrile were obtained from Fisher. The compound 1,10-phenanthroline (phen) was obtained from GFS. Deuterated solvents, CDCl~3~, CD~3~OD, and (CD~3~)~2~S=O, were obtained from Cambridge Isotopes. Diethyl ether, HPLC-grade methanol, methylene chloride, hexanes, and optima-grade acetonitrile for UV--visible spectral determinations were purchased from Fisher Scientific. Acetonitrile was used as solvent for absorption and emission studies. Electrochemical grade tetrabutylammonium hexafluorophosphate was purchased from Southwestern Analytical. A ferrocene standard used in electrochemical studies was purchased from Aldrich. Dried acetonitrile used as a electrochemical background was contained in a Sure/Seal bottle and was purchased from Aldrich.

Instrumentation and Physical Measurements {#sec5.2}
-----------------------------------------

The IR spectra were acquired using a Nicolet Avatar 360 FT-IR spectrophotometer. Proton NMR spectra were obtained using a Varian Inova 400 FT-NMR spectrometer. Elemental (C, H, and N) analysis was performed by Columbia Analytical Services, Tucson, Arizona.

An EG&G PAR Model 263A potentiostat/galvanostat was used to obtain the cyclic and differential-pulse voltammograms. The measurements were carried out in a typical H-cell using a platinum-disc working electrode, platinum-wire counter electrode, and Ag/AgNO~3~ reference electrode in dichloromethane. The supporting electrolyte used was 0.1 M tetrabutylammonium hexafluorophosphate (TBAPF~6~). Ferrocene was added as the reference. Absorption profile and extinction studies were carried out using a Shimadzu UV-2550 spectrophotometer. All solution samples were prepared using spectral grade acetonitrile or freshly distilled butyronitrile.

Emission spectra, excitation spectra, and emission lifetimes were obtained using a FL3-2iHR Nanolog spectrometer from Horiba Jobin Yvon Technologies. Solutions with an absorbance of ∼0.1 at the λ~max~ of each complex in butyronitrile were placed in Pyrex tubes (5 mm in o.d. and 3 mm in i.d.) and degassed by freeze--pump--thaw. After the final degassing, the glassy samples were placed in a Dewar located in the cavity of the spectrometer and maintained at 77 K during measurements. Emission spectra were collected at the λ~max~ of the MLCT bands; excitation spectra were obtained at the emission maximum for each compound. A NanoLED-460 pulsed diode light source was used in all lifetime decay determinations. In this case, the excitation wavelength used was set to 457 nm, the absorption maximum for the NanoLED-460 light source. Emission curve fitting was performed using the Origin Pro 8 program via non-linear curve-fitting modes.

Computational Technique {#sec5.3}
-----------------------

The combination of Becke's three-parameter hybrid functional, a non-local exchange term of Becke, and the local correlation term of Vosko, Wilk, and Nusair (VWN)^[@ref48]^ (as in B3LYP) with the non-local correlation of Perdew, Burke, and Ernzerhof (PBE)^[@ref49]^ (as in PBE0) implemented in the Gaussian 16 computational software suite^[@ref50]^ was employed and referred in the text as B3PBE. This functional was found to produce optimized metal--ligand distances and singlet excited states in good agreement with PBE0 and B3LYP functionals, respectively, as well as with experimental X-ray diffraction and absorption spectra.^[@ref51]^ The long-range-corrected version of B3LYP implemented in the CAM-B3LYP functional was also employed.^[@ref52]^

The geometry optimization was conducted using the conductor-like polarizable continuum model (CPCM) for solvation in acetonitrile solvent.^[@ref53],[@ref54]^ The electronic singlet ground state (SGS) and lowest-lying triplet state (LLTS) for each complex were fully optimized using restricted singlet and unrestricted triplet B3PBE's, respectively. After each geometry optimization, the second-order force constant matrix was calculated to confirm that the optimized geometry was the true minimum on the potential energy surface. The initial structures were taken from the X-ray diffraction structure determinations.

For excited-state calculations, the tandem of the non-equilibrium TD-DFT^[@ref55],[@ref56]^ and CPCM methods was employed as implemented in Gaussian 16 software.^[@ref50]^ Eighty singlet excited-states were computed for the dimer complex and 40 for each of the monomer complexes in acetonitrile solvent based on the respective optimized SGS geometries in acetonitrile solvent~.~ Also, 10 triplet excited states were computed for each complex based on the respective optimized SGS geometries in acetonitrile solvent~.~ The excited states were calculated using a linear response form and a self-consistent reaction field around the solute employed by the tandem TD-DFT and CPCM approach.^[@ref57],[@ref58]^ The excited-state energies calculated using TD-DFT/CPCM were known to exhibit a linear correlation with experimental UV--vis spectra as we^[@ref32],[@ref51],[@ref59]^ and others have shown.^[@ref60]−[@ref62]^

The all-electron triple-ζ def2-TZVP basis set was applied for H, C, N, and O atoms.^[@ref63],[@ref64]^ This basis set performs better than most of the 6-311G series basis sets.^[@ref65]^ The quadruple-ζ QZV effective core potential and quadruple-ζ QZVP (def2-QZVP) basis set were used for the Re atom core and valence shells, respectively.^[@ref63],[@ref64]^ This combination of basis sets was referred in the text as TZVP-QZV-P. GaussView 6.0 visualization software was used to generate the molecular orbital and spin density isosurfaces.^[@ref66]^

Preparation of Compounds {#sec5.4}
------------------------

### {\[Re(phen)(CO)~3~\]~2~(isonic)}(CF~3~SO~3~) (**1**) {#sec5.4.1}

Re(phen)(CO)~3~Cl (0.12 g, 0.25 mmol) was added to a clean 100 mL round-bottom flask containing AgCF~3~SO~3~ (0.05 g, 0.19 mmol), a stir bar, and 50 mL of absolute ethanol. This solution was allowed to reflux for 6 h at room temperature. At the end of the reflux, the round-bottom flask was removed from the condenser, and the solution was vacuum-filtered to remove the silver chloride. The yellow filtrate was transferred to a clean 100 mL round-bottom flask containing a stir bar and isonicotinic acid (0.072 g, 0.58 mmol). This mixture was allowed to reflux overnight under nitrogen gas. At the end of the reflux, the round-bottom flask was removed from the condenser and placed on a rotary evaporator to remove some of the solvent. A glass stopper was placed on the flask, which was then stored in the freezer overnight. It was then removed from the freezer and allowed to reach room temperature at which point yellow crystals started to form. These crystals were isolated and stored for characterization.

Color: light yellow, 82.0% anal. calcd for Re~2~C~37~H~20~N~5~O~11~SF~3~·3H~2~O: C, 36.24; H, 2.12; N, 5.71. Found: C, 36.89; H, 2.13; N, 5.79. IR (KBr pellet, cm^--1^): (CO) 2028 sh, 1915 sh; ^1^H NMR (DMSO, 300 MHz): (phen) δ ppm 8.03 (q, 2H, *J* = 5.1 Hz), 8.15 (q, 2H, *J* = 5.1 Hz), 8.22 (s, 2H), 8.25 (s, 2H), 8.93 (td, 4H *J* = 6.6, 1.5 Hz), 9.38 (dd, 2H *J* = 5.1, 1.8 Hz), 9.58 (dd, 2H, *J* = 5.1, 1.2 Hz); py, 6.79 (d, 2H, *J* = 6.6 Hz), 8.18 (d, 2H, *J* = 6.6 Hz).

### Preparation of \[Re(phen)(CO)~3~(4-COOCH~3~-py)\](PF~6~) (**2**) {#sec5.4.2}

To a clean 100 mL round-bottom flask equipped with a stir bar, Re(phen)(CO)~3~Cl (0.25 g, 0.50 mmol) and AgCF~3~SO~3~ (0.13 g, 0.50 mmol) were added along with 20 mL of ethanol. This solution was allowed to reflux for 12 h under nitrogen gas. After refluxing for roughly 2 h, a gray AgCl precipitate was present. At the end of the reflux, the round-bottom flask was removed from the condenser, and the solution was vacuum-filtered to remove the silver chloride. The yellow filtered solution was transferred to a clean 100 mL round-bottom flask with a stir bar and methyl isonicotinate (100 μL, 1.6 equiv). This solution was allowed to reflux overnight under nitrogen gas. The solution remained yellow during reflux. To the reflux solution cooled to room temperature, a solution of NH~4~PF~6~ in water was added, and the mixture was stirred at room temperature for 5--10 min. At the end of 5--10 min, the flask was placed on a rotary evaporator, and the solution was condensed to 2 mL and placed in the freezer overnight. The product formed was vacuum filtered and stored for characterization.

Color: light yellow, 78.0%. anal. calcd for ReC~23~H~15~O~8~N~3~F~3~S: C, 36.07; H, 2.05; N, 5.74. Found: C, 35.89; H, 2.14; N, 5.6; IR (KBr pellet, cm^--1^): (CO) 2018 sh, 1932 sh, 1732. ^1^H NMR (DMSO, 400 MHz): (phen) δ ppm 8.30 (dd, 2H, *J* = 8.8, 5.2 Hz), 8.65 (s, 2H), 9.08 (dd, 2H, *J* = 6.4, 1.6 Hz), 9.72 (dd, 2H, *J* = 6.4, 1.6 Hz), py, 7.62 (d, 2H, *J* = 6.4 Hz), 8.65 (d, 2H, *J* = 6.4 Hz), 3.76 (s, 3H, CH~3~).

### Re(phen)(CO)~3~(OAc) (**3**) {#sec5.4.3}

To a clean 100 mL round-bottom flask containing 20 mL of ethanol and a stir bar, Re(phen)(CO)~3~Cl (0.20 g, 0.41 mmol) and AgCF~3~SO~3~ (0.105 g, 0.41 mmol) were added. This solution was allowed to reflux for 8 h under nitrogen gas. After refluxing for roughly 2 h, a gray AgCl precipitate was present. At the end of the reflux, the round-bottom flask was removed from the condenser, and the solution was vacuum-filtered to remove the silver chloride. The yellow filtrate was transferred to a clean 100 mL round-bottom flask with a stir bar and tetrabutylammonium acetate (0.094 g, 0.31). The solution was allowed to reflux overnight under nitrogen gas. At the end of the reflux, the round-bottom flask was removed from the condenser and placed on a rotary evaporator to remove the solvent. The remaining residue was purified on a silica gel chromatography column (5:95 CH~3~OH:CH~2~Cl~2~) affording a yellow solid.

Color: light yellow, 84.0% anal. calcd for ReC~17~H~11~O~5~N~2~: C, 40.07; H, 2.16; N, 5.50 Found: C, 40.00; H, 2.15; N, 5.51. IR (KBr pellet, cm^--1^): (CO) 2018 sh, 1932 sh, 1732; ^1^H NMR (DMSO): (phen) δ ppm 7.85 (q, 2H, *J* = 2.8 Hz), 8.00 (s, 2H), 8.27 (s, 2H), 8.52 (dd, 1H, *J* = 6.4 1.6 Hz), 9.53 (dd, 1H, *J* = 5.2, 2.0 Hz), CH~3~ 1.44 (s, 3H).

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c00704](https://pubs.acs.org/doi/10.1021/acsomega.0c00704?goto=supporting-info).Synthesis, X-ray crystal structures, excited states, and molecular orbitals ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c00704/suppl_file/ao0c00704_si_001.pdf))
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